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identification. However, because finger-
print vibrations of molecules in the mid-IR 
range intrinsically have low-absorption 
cross sections, a large quantity of the 
sample is required for detection and iden-
tification.[2] Therefore, the use of conven-
tional IR absorption spectroscopy based 
on the Beer–Lambert law is limited when 
the analysis of a small quantity of analyte, 
such as a monolayer, is required. Surface-
enhanced IR absorption (SEIRA) spectros-
copy was proposed as a method to mitigate 
this limitation. In this method, the fin-
gerprint vibration of analyte molecules is 
amplified through coupling with highly 
enhanced and confined electromagnetic 
near-fields induced in engineered surfaces 
or structures.[3–7] After the first experi-
mental demonstration of SEIRA based 
on resonant coupling using plasmonic 
nanorods, various types of plasmonic or dielectric resonator 
structures for SEIRA studies in the mid-IR range were reported, 
such as split-ring resonators,[8] fan-shaped nanoantennas,[9] 
nanoslits,[10,11] nanoantennas on pedestals,[12–15] co-axial resona-
tors,[16–18] elliptical dielectric nanoresonators,[19,20] and metama-
terial absorbers (MAs).[14,21–27] In recent studies, it was reported 
that these SEIRA structures can be used to detect biomolecules 
such as protein A/G and immunoglobulin G (IgG) antibody,[12] 
bovine serum albumin,[23] and hemoglobin.[28] Because most 
resonant SEIRA structures use near-field enhancement induced 
in the in-plane nanometer-sized gap, high-precision fabrica-
tion equipment is required, such as e-beam lithography; thus, 
large-area patterning is limited and costly. Recently, a promising 
SEIRA study was proposed using the bound states in the con-
tinuum (BIC) phenomenon of dielectric resonators with high 
quality (Q) factors;[19,20] however, this approach also has limita-
tions regarding the fabrication and analysis of multiple pattern 
arrays using a costly high-precision fabrication process.
Among the various proposed structural platforms, MAs have 
also demonstrated remarkable SEIRA signal enhancement. 
MAs composed of metal–insulator–metal configuration are 
generally designed with a dielectric spacer layer sandwiched 
between an optically thick metallic back plane and a struc-
tured metallic top nanoantenna, where totally suppressed light 
transmission and reflection can be achieved in an optimized 
structure, which leads to perfect absorption at a specific wave-
length.[29–32] In this optimized MA, a well-confined and highly 
enhanced electromagnetic near-field in the vicinity of the top 
nanoantenna and the bottom back plane is induced via the 
Surface-enhanced infrared absorption (SEIRA) spectroscopy is a powerful meth-
odology for sensing and identifying small quantities of analyte molecules via 
coupling between molecular vibrations and an enhanced near-field induced in 
engineered structures. A metamaterial absorber (MA) is proposed as an efficient 
SEIRA platform; however, its efficiency is limited because it requires the appro-
priate insulator thickness and has a limited accessible area for sensing. SEIRA 
spectroscopy is proposed using an MA with a 10 nm thick vertical nanogap, 
and a record-high reflection difference SEIRA signal of 36% is experimentally 
achieved using a 1-octadecanethiol monolayer target molecule. Theoretical and 
experimental comparative studies are conducted using MAs with three dif-
ferent vertical nanogaps. The MAs with a vertical nanogap are processed using 
nanoimprint lithography and isotropic dry etching, which allow cost-effective 
large-area patterning and mass production. The proposed structure may provide 
promising routes for ultrasensitive sensing and detection applications.
1. Introduction
Infrared (IR) absorption spectroscopy employing the vibrational 
signatures of substances is a powerful method for label-free and 
nondestructive identification because the vibrational proper-
ties of analytes are directly linked to their molecular constitu-
ents and chemical bonds.[1] In particular, Fourier transform 
infrared (FTIR) spectroscopy based on IR absorption is widely 
used in basic research and industrial fields, such as pharmacy, 
safety, environmental monitoring, food, and general substance 
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excitation of localized surface plasmon resonance. Moreover, 
through the near-field coupling with the vibrational mode of the 
analyte molecule, SEIRA signal enhancement can be achieved. 
To further improve SEIRA sensing capability based on MAs and 
extend its utility, previous studies have used an MA with a die-
lectric nanopedestal spacer with an increased effective sensing 
area[14] or the spacer itself as a fluidic[33–35] or gas channel.[36] It 
is generally accepted that a dielectric spacer thickness optimiza-
tion to several tens to hundreds of nanometers in the mid-IR 
range is required to achieve near-perfect absorption and thereby 
obtain the maximum SEIRA signal enhancement.[21,37]
Here, we propose and experimentally demonstrate an 
unprecedented level of ultrasensitive molecule detection based 
on an MA with an undercut of an extremely thin dielectric 
spacer with a thickness of 10 nm to effectively form a vertical 
nanogap between the top nanoantenna and the bottom back-
plane. By employing the vertical nanogap in the MA, we can 
simultaneously obtain near-perfect absorption, even at a 10 nm 
spacer thickness, extremely high near-field intensities induced 
on both the revealed top and bottom metal surfaces, and a fur-
ther extended effective sensing area. The top plasmonic nano-
antenna array of the MAs was processed using nanoimprint 
lithography (NIL), and a vertical nanogap was formed using 
isotropic dry etching. The fabrication process proposed in this 
study is low cost and can produce a vertical nanogap of 10 nm 
in a large area.[38–40] The sensing capability of the MA with a 
vertical nanogap was experimentally verified using monolayer 
(2.8 nm thickness) molecules of 1-octadecanethiol (ODT), which 
is frequently used as an analyte molecule to assess the sensing 
capability of Au SEIRA platform,[10,13,14,41–46] and a record-high 
reflection difference SEIRA signal of 36% was obtained.
2. Results and Discussion
Schematics of the MA with a vertical nanogap and its unit cell 
structure are illustrated in Figure 1a,b. The unit cell structure 
consists of a top cross-shaped Au nanoantenna, a bottom Au 
backplane, and an undercut of SiO2 dielectric spacer. For a 
comparative study, three different unit cell structures with 
three different cross-shaped antenna dimensions and dielec-
tric spacer layer thicknesses (10, 15, and 30 nm) were used in 
this study, and each unit cell structure was optimized to have 
a plasmonic resonance near the wavelength of 3.5  µm after 
coating the ODT molecules on the revealed metal surface. The 
structural parameters of the three structures are explained in 
Figure  1. It is known that the target ODT molecules exhibit 
IR fingerprint vibrations at wavelengths of 3427 and 3509 nm, 
owing to their asymmetric and symmetric CH2 stretching 
vibrations, respectively, and they can be coated on the Au sur-
face in the form of a self-assembled monolayer with a thickness 
of 2.8 nm by thiol–metal bonding through van der Waals inter-
actions.[47–50] Figure 1b shows a zoomed-in view of the vertical 
nanogap region, which depicts that the ODT molecules form 
a monolayer on the revealed Au surface. The MA employing 
the cross-shaped nanoantenna can easily tune the resonant 
wavelength by adjusting the length of the antenna (L); it has a 
relaxed light polarization sensitivity and can induce strong near-
field intensity at the corner of the antenna edge. In addition, 
by employing the vertical nanogap, a larger dimension of the 
nanoantenna is required for a particular resonant wavelength, 
owing to the lower effective refractive index of the dielectric 
spacer. The revealed bottom surface of the top nanoantenna 
and the top surface of the bottom backplane can be addition-
ally utilized for molecule sensing, which leads to a significantly 
increased effective sensing area. Figure 1c and Figure 1d show 
top views of scanning electron microscopy (SEM) images (top 
panel) and cross-sectional side views of transmission electron 
microscopy (TEM) images (bottom panel) of the fabricated MA 
with 10 and 15 nm vertical nanogaps, respectively, and the sam-
ples were cut using a focused ion beam in the vertical direc-
tion of the antenna length at ≈30 nm from the end edge of the 
nanoantenna. Figure 1e shows top view (top panel), tilted view 
(middle panel), and side view (bottom panel) of SEM images 
of the fabricated MA with a 30  nm vertical nanogap device. 
Atomic force microscope images of the MA with the 30  nm 
vertical nanogap sample are provided in Figure S1 (Supporting 
Information). In these three structures, vertical nanogaps of 10, 
15, and 30  nm, which were controlled according to the thick-
ness of the dielectric spacer, were well formed. In the case of 
a relatively thick top Au layer, trapezoidal cross-sectional pro-
files were formed during Au layer deposition. The top nanoan-
tenna arrays were formed using the NIL process, and a vertical 
nanogap was formed using a plasma asher.
The use of an MA as a coupled cavity with a single port is 
well described by the analytic framework of the temporal cou-
pled mode theory (TCMT) as schematically shown in Figure 2a. 
From the TCMT model, the absorption of the cavity (A) without 
coating of the ODT molecules (μ1  = μ2  = 0) is described by 
Equation (1), which shows that the absorption depends on the 













where ω0 is the resonant frequency of the cavity. The cou-
pling conditions are categorized into three cases depending 
on the ratio of the two loss rates: critical coupling (γrad = γabs), 
which produces perfect absorption at the resonant frequency, 
undercoupling (γrad < γabs), and overcoupling (γrad > γabs). The 
radiation and absorption loss rates are mainly affected by the 
geometries of the cavity and constituent materials, respectively. 
In the application of the MA for SEIRA spectroscopy, when the 
two loss rates are comparable, a strong mode amplitude and 
near-field intensity in the cavity are induced, leading to a more 
enhanced SEIRA signal. If the thickness of the dielectric spacer 
is further reduced below its optimum value, which produces 
perfect absorption, the ratio of the loss rates (γrad/γabs) moves 
away from 1 (γrad/γabs < 1), owing to the strong gap surface 
plasmon resonance induced in the structure, which places the 
MA in a deep undercoupling regime. Accordingly, the absorp-
tion of the MA is decreased, and the near-field intensity induced 
in the structure is also reduced, resulting in a lower efficiency 
for SEIRA applications. This limitation can be addressed when 
employing a thick layer for the top Au nanoantenna; however, it 
raises the problems of high process cost and difficulty of fabri-
cation. The MA with a vertical nanogap proposed in this study 
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can successfully address this problem and can be utilized as a 
sensing platform that can significantly enhance SEIRA signal. 
Qualitatively, the vertical nanogap through the undercut forma-
tion of SiO2 layer interferes with the magnetic resonance cou-
pling of the MA structure, resulting in an increase in loss rate 
ratio, absorption, and near-field enhancement, and, at the same 
time, increasing the sensing area as shown in Figure  2b. In 
addition to this, when the thickness of the SiO2 layer becomes 
thinner, a stronger near-field enhancement is formed at the 
nanoantenna edge. To confirm this, numerical analysis through 
simulation was performed using the MA with the nanoantenna 
that has a rounded edge corner, referring to the SEM image of 
the fabricated sample. Figure  2c shows the simulation results 
of the radiation loss rate (left y-axis) and the absorption loss 
rate (right y-axis) changes, which were induced according to the 
undercut etch depth (U in Figure 1b) of the MA with the three 
different dielectric spacer thicknesses. The “unetched” con-
dition in the x-axis indicates that the SiO2 layer is not etched 
at all, and the undercut etch depth of 0  nm means that only 
the SiO2 layer region, excluding the region underneath the top 
nanoantenna, is etched down to the bottom backplane. The loss 
rates were calculated by increasing the undercut etch depth by a 
10 nm step in the lateral direction from 0 to 50 nm. Because the 
three MAs have different structural dimensions, the starting 
points of the two loss rates are different; however, a general 
trend was found in the simulation. As the undercut etch depth 
increased, the absorption loss rate did not change significantly, 
but the radiation loss rate increased rapidly. The formation of 
Figure 1. Schematic images of a) the MA with a vertical nanogap and its unit cell structure and b) zoomed-in image of the vertical nanocap edge 
portion of the MA with ODT monolayer. Top view of SEM images (top panel) and cross-sectional TEM images (bottom panel) of the processed MAs 
with c) 10 nm and d) 15 nm vertical nanogaps. e) Top view (top panel), tilted view (middle panel), and cross-sectional (bottom panel) view of SEM 
images of the processed MA with a 30 nm vertical nanogap. Structural dimensions of the MAs (in the order of 10, 15, and 30 nm vertical nanogaps) 
are P = 750, 900, 1200 nm, L = 700, 780, 940 nm, and W = 170, 250, 270 nm, thickness of the top Au nanoantenna, tAu = 90, 100, 45 nm, U = 50 nm for 
the three structures.
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the undercut of the dielectric spacer interferes with the mag-
netic dipole resonance, which resulted in increased radiation 
loss. This trend can be more clearly confirmed by taking the 
ratio of the two loss rates (γrad/γabs) according to the undercut 
etch depth change, as shown in Figure  2d. As the undercut 
etch depth increased, the ratio of the two loss rates increased, 
and accordingly, the absorption of the three MAs increased 
above 0.87 according to Equation (1). As the undercut etch 
depth increased, the highest absorption result was obtained 
for the MA with a 15 nm vertical gap, where the structure was 
best optimized; this was followed by the 10 and 30 nm vertical 
nanogaps. The three MAs with similar levels of absorption 
can be understood as similar systems from the perspective of 
the TCMT model. However, when they are applied to SEIRA 
spectroscopy, the degree of near-field interaction with the ana-
lyte molecules varies according to the MA geometry; there-
fore, different sensing efficiencies can be obtained. The major 
factor that determines the efficiency of SEIRA sensing is the 
integrated near-field intensity in the sensing volume, where 
the analyte molecules are located. Considering the thickness 
of the ODT monolayer molecule, the integrated near-field 
intensities in the 3  nm thick air regions around the revealed 
Au surfaces for the three MAs with different undercut etch 
depths were calculated, as shown in Figure  2e. Although the 
three MAs have similar absorption values, as the thickness of 
the spacer layer becomes thinner, a larger integrated near-field 
intensity is induced, and it increases linearly with different 
increase rates as the undercut etch depth is increased. Among 
the three MAs, the maximum integrated near-field intensity 
was obtained for the MA with a 10 nm vertical nanogap at an 
undercut etch depth of 50  nm, which was attributed to the 
high near-field enhancement induced on the revealed top and 
bottom metal surfaces by a strong surface plasmon resonance 
in the air gap region. The simulation results of the reflection 
spectra according to the undercut etch depth for the three MAs 
are shown in Figure S2 (Supporting Information). In addition, 
the integrated near-field intensities induced on the revealed 
surfaces of the top Au nanoantenna and bottom Au backplane 
are provided separately in Figure S3 (Supporting Information), 
which shows that in the case of a thinner spacer, significant 
near-field intensity is induced on the surfaces of both the top 
Au nanoantenna and the bottom Au backplane. The near-field 
enhancement (E/E0) formed in the three MAs with an undercut 
etch depth of 50  nm was monitored from the top view (top 
panel) at the interface of the top nanoantenna and SiO2 spacer 
and from the vertical cross-sectional view (bottom panel) along 
the red dotted line of the long arm of the cross nanoantenna, 
as shown in Figure 3a–c. In the three MAs, over 80 strong 
Figure 2. a) Schematic of the cavity model for TCMT analysis. b) Schematic images of the edge portion of the MA structure with near-field enhance-
ment for various vertical nanogap thicknesses and undercut depths. c) Numerical calculation of the radiation loss rate γrad(left y-axis) and absorption 
loss rate γabs (right y-axis) of the three MAs for different undercut etch depths. d) Numerical calculation of the loss rate ratio γrad/γabs(left y-axis) and 
absorption (right y-axis) of the three MAs for different undercut etch depths. e) Calculation results of the integrated near-field intensity for the three 
MAs for different undercut etch depths.
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near-field enhancements were formed at the edge corners 
of the top nanoantenna. As the dielectric spacer thickness 
decreased, a higher and more uniform near-field enhancement 
was formed in the air gap region between the top and bottom 
metal layers. The near-field enhancement uniformly distributed 
over the vertical nanogap induces stronger vibrational mode 
coupling with the analyte molecule; this suggests that increased 
SEIRA signal sensitivity can be obtained. To directly confirm 
the SEIRA sensing characteristics, the reflection spectra of the 
MA with a vertical nanogap structure, coated with a 3 nm thick 
ODT monolayer, were obtained through numerical simulation, 
and the results are shown in Figure 4. Figure 4a and Figure 4b 
show the reflection spectra and the reflection difference SEIRA 
signal of ODT, respectively, which were extracted by subtracting 
the baseline from the asymmetric least-squares smoothing 
(AsLSS) algorithm[51] for the MA structure with a 10  nm ver-
tical nanogap for the five different undercut etch depths. In 
the designed nanoantenna structure, the spectral blueshift and 
the increase in the SEIRA signal can be clearly observed as the 
undercut etch depth increases. Figure  4c and Figure  4d show 
the reflection spectra and reflection difference SEIRA signal 
according to the thicknesses of the dielectric spacer at the 
undercut etch depth of 50  nm, respectively. As the thickness 
of the dielectric spacer decreases, an increased SEIRA signal 
is obtained, which is in good agreement with the trend of the 
integrated near-field intensity shown in Figure 2e.
For an experimental demonstration of the proposed con-
cept, MAs with vertical nanogap sizes of 1 × 1 mm2 were fab-
ricated using NIL and isotropic dry-etching processes (see 
the “Experimental Section” for the fabrication details). We 
attempted several isotropic dry-etching methods to form 
vertical nanogaps for the MAs. Inductive coupled plasma (ICP) 
etching with a forward power of 0 W, which is an isotropic dry-
etching method,[52,53] was used to form the vertical nanogap of 
the MA. In addition, the reactive ion etching (RIE) method was 
used to undercut the SiO2 dielectric layer. Partial removal of 
the SiO2 dielectric layer induces blueshifted reflection spectra, 
owing to the reduction of the effective index of the dielectric 
spacer. Thus, through blueshifts of the measured reflection 
spectra, the vertical nanogap of the MA can be indirectly con-
firmed. Even though the blueshifts of the measured reflection 
spectra for the etched MAs by both ICP etching and RIE were 
confirmed, the proper vertical nanogaps of the MAs failed, as 
shown in Figure S4 (Supporting Information). Finally, a plasma 
asher with the proper conditions was used to form the vertical 
nanogap of the MA. The reflection spectra of the MA etched 
by the plasma asher were measured according to the undercut 
etching time and were blueshifted (cf. Figure S5, Supporting 
Information).
For the experimental validation of the sensing capability of 
the three MAs with vertical nanogaps, we prepared three MA 
samples with the ODT monolayer for SEIRA sensing. To form 
a self-assembled monolayer of ODT molecules on the revealed 
Au surface, the devices were immersed in 1 mmol ODT solu-
tion diluted in absolute ethanol for 24 h. They were then rinsed 
in ethanol to remove the ODT residue that did not contribute 
to the monolayer. Finally, the samples were carefully dried 
using a nitrogen blow. IR reflection spectra were measured 
using an FTIR spectrometer equipped with an IR microscope 
under unpolarized IR illumination. The reflection spectra were 
obtained by properly normalizing the signal from the MA array 
to that from the bare Au surface. We used a spectral resolution 
Figure 3. Top view (top panel) and cross-sectional view (bottom panel) of the simulated near-field enhancement (E/E0) profile for the MA structure 
with a) 10 nm, b) 15 nm, and c) 30 nm vertical nanogaps monitored at resonance for each structure.
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of 4 cm–1 with 64 scans. Figure 5a shows the experimental 
reflection spectra before (black) and after (red) the coating of 
the ODT monolayer for the 30 nm (top panel), 15 nm (middle 
panel), and 10  nm (bottom panel) vertical nanogaps. Subse-
quent to the ODT monolayer coating, a spectral redshift was 
observed for all three MAs, owing to the increased effective 
refractive index around the structure. In addition, as the spacer 
thickness decreased, a larger redshift effect was observed, 
which indicates that the structure responds more sensitively to 
the surrounding refractive index. The blue and orange dashed 
lines in Figure 5a indicate the asymmetric (3.427 µm) and sym-
metric (3.509  µm) CH2 vibrational wavelengths of the ODT 
molecules, respectively. The SEIRA signal of the electromag-
netic-induced-transparency (EIT) type was obtained at the two 
absorption wavelengths of the ODT molecule, and the largest 
SEIRA signal was observed in the 10  nm vertical nanogap 
sample. The EIT-type SEIRA signal occurs in the MA located in 
the undercoupling regime. To extract the SEIRA signal in the 
form of reflection difference, the baseline (blue dotted line) was 
calculated using the AsLSS algorithm, and the reflection signal 
difference between the baseline and the original spectra was 
obtained, as shown in Figure 5b. The 30, 15, and 10 nm vertical 
nanogap samples obtained reflection difference SEIRA signals 
of 0.12, 0.22, and 0.36 at a wavelength of 3.427 µm, respectively, 
and SEIRA signals of 0.08, 0.15, and 0.21 at a wavelength of 
3.509  µm, respectively. Notably, the 10  nm vertical nanogap 
sample obtained the largest spectral signal among the SEIRA 
studies using the ODT monolayer reported to date (cf. Table S1, 
Supporting Information). We note that the maximum SEIRA 
signal can be obtained when the ODT vibrational absorption 
peaks are located near the absorption peak of the ODT-coated 
MA (cf. Figure S6, Supporting Information). The proposed 
structure can be applied to the detection of a larger size of 
molecule than ODT by adjusting the size of vertical nanogap. 
In this case, even in the MA with an increased nanogap size, 
a strong SEIRA sensing signal can be obtained as the near-
field integration volume increases (cf. Figure S7, Supporting 
Information).
For a quantitative analysis of the experimental results, spec-
tral fitting and physical parameter extraction were conducted 
using the experimental reflection spectra of the ODT-coated 
MA with a vertical nanogap and the reflection TCMT model 
derived from a system in which two vibrational modes of the 
ODT molecule are coupled with an MA with a vertical nanogap 
(μ1 ≠ 0,   μ2 ≠ 0, cf. Figure 2a). From our previous study, the ana-
lytic equation of the reflection (R) can be expressed as follows[14]
1
4 rad abs 1 2
0 1 2
2
rad abs 1 2
2
R
γ γ γ γ
ω ω ω ω γ γ γ γ
( )
( ) ( )
= −
+ +
− − − + + + +
µ µ
µ µ µ µ
 (2)
where ω0 is the resonant frequency of the ODT-coated 
MA with a vertical nanogap, /[( ) ]2 2 2i i i i iγ µ γ ω ω γ= − +µ  and 
( )/[( ) ]2 2 2i i i i iω µ ω ω ω ω γ= − − +µ  are the effective loss rate and 
modified vibrational frequency of the ODT molecule for the 
asymmetric (i  = 1) and symmetric (i  = 2) vibrations, respec-
tively, where ωi (ω1 = 5.5 × 1014 rad s−1 and ω2 = 5.37 × 1014 rad 
s−1) and γi(γ1 = 2.5 × 1012 rad s−1 and γ2 = 1.8 × 1012 rad s−1) are 
the resonant frequency and the damping rate of the ODT mol-
ecule, respectively; μi is the coupling rate that reflects the direct 
energy exchange between the ODT vibrational mode and the 
cavity mode of the MA. By fitting the experimental data with 
the TCMT model (cf. Figure S8, Supporting Information), the 
30, 15, and 10 nm vertical nanogap samples obtained coupling 
rates μ1 of 4.46 × 1012, 7.10 × 1012, and 9.24 × 1012  rad s−1 at a 
wavelength of 3.427 µm, respectively, and coupling rates μ2 of 
2.93 × 1012, 4.08 × 1012, and 5.59 × 1012 rad s−1 at a wavelength of 
3.509 µm, respectively. The coupling rate is a major factor that 
is directly related to the integrated near-field intensity induced 
in the MA with a vertical nanogap and determines the degree 
of SEIRA signal enhancement. Table S2 (Supporting Informa-
tion) shows the results of the coupling rates extracted by fit-
ting the measured reflection spectra using the TCMT model. 
The results are consistent with those expected from the above 
integrated near-field intensity results, and the largest coupling 
rates were obtained in the MA with a 10 nm vertical nanogap. 
It is noted that simultaneous detection of absorption peaks of 
analytes having various functional groups such as biomolecules 
Figure 4. a) Simulated reflection spectra and b) reflection difference 
SEIRA signal of the ODT-coated MA with a 10 nm vertical nanogap for 
different undercut etch depths. The blue and orange vertical lines indi-
cate the two vibrational absorption peaks of the ODT molecule. c) Simu-
lated reflection spectra and d) the reflection difference SEIRA signal of 
the ODT-coated MA with 30, 15, and 10 nm vertical nanogaps with an 
undercut etch depth of 50 nm.
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is possible through the use of a plasmonic antenna structure 
with multimodal resonances[21] or a supercell structure using 
antennas of different sizes.[54]
3. Conclusion
We proposed and experimentally demonstrated ultrasensitive 
molecule detection based on an MA with a 10 nm thick vertical 
nanogap for the SEIRA detection platform. To compare and 
verify the sensing capability using an ODT monolayer, MAs 
with three different vertical nanogap thicknesses were theoreti-
cally and experimentally analyzed, and a record-high reflection 
difference SEIRA signal of 36% was obtained in the smallest 
10 nm thick vertical nanogap. The reflection difference SEIRA 
signal was analyzed through a numerical simulation of the 
integrated near-field intensity and TCMT analytic model. The 
proposed SEIRA platform can be produced in a cost-efficient 
large area using NIL and isotropic dry-etching processes and 
can appeal to biosensing applications that require high sensi-
tivity and selectivity. Owing to the high sensitivity of minute 
amounts of analyte molecules, the proposed structure may be 
potentially applicable to gas-sensing applications, which our 
research team is currently researching.
4. Experimental Section
Numerical Calculation: Finite-difference time-domain (FDTD) 
calculations were performed using commercial software (Lumerical 
FDTD Solutions, 2020a). The optical properties for each unit cell 
of the three plasmonic MAs were calculated by applying boundary 
conditions that are antisymmetric along the x-direction, symmetric 
along the y-direction, and a perfectly matched layer along the z-direction. 
The integrated near-field intensities and electric field profiles at only the 
resonance wavelength under the x-polarized plane wave were calculated. 
The integrated near-field intensities were calculated using data collected 
from 3D index and field monitors. All element values from the electric 
field monitor, excluding conformal points that were 3 nm from the gold–
air boundary, were processed as 1; all other points were converted to 0. 
The integrated near-field intensities were calculated as the sum of the 
product of the elements of the processed indices and the values of the 
squared electric fields. The unit structure was simulated with a local 
mesh x  = y  = z  = 1  nm, and a 1 × 10–7 auto-shutoff level to optimize 
runtime, collect data, and conduct precise calculations to consider the 
3 nm thickness of the adsorbed ODT monolayer. Due to the limitation 
of computational capacity, 1 nm was the minimum mesh size, and 3 nm 
thickness of ODT was used for numerical simulation only, not 2.8 nm of 
the actual ODT thickness. The imaginary part of the dielectric constant 
of the ODT molecule was doubled for the appearance of a distinct 
molecular vibration peak. The unit structure is composed of the top metal 
and silicon dioxide as a “rectangular polygon with rounded corners” in 
the embedded components group. The radius of the edges of the top 
metal was 60 nm, and the radius of SiO2 was determined by ((60 nm/
width of metal) × (width of SiO2)) under the change of the laterally 
undercut etch depth. The resolution of the rounded corners was applied 
with 1000 vertices to approximate roundness. The baselines of the 
simulated and measured spectra were applied using embedded AsLSS 
in the DataAnalysis group of the graphing software (Origin Pro 2020). 
The asymmetric factor was set to 1 × 10–7 for positive peaks to specify the 
weight of the points above the baseline in each iteration. The smaller 
the threshold, the more points above the baseline will be excluded to 
determine the baseline in the next iteration. The threshold was set to 0.01 
to determine the ratio of the critical distance of the point to the baseline 
to that of the positive peaks to the baseline. The smoothing factor and 
number of iterations were set to 3.3 and 8, respectively.
Device Fabrication: For the NIL process, Si masters with three different 
sizes of cross-antenna pattern arrays were prepared using standard 
Figure 5. a) Measured reflection spectra of the MA with 30 nm (top panel), 15 nm (middle panel), and 10 nm (bottom panel) vertical nanogaps before 
(black) and after (red) ODT coating. The blue-dotted curve indicates the numerically calculated baseline using the AsLSS algorithm, and the blue and 
orange vertical lines indicate the two vibrational absorption peaks of the ODT molecule. b) Measured reflection difference SEIRA signal for the MA 
with 30 nm (top panel), 15 nm (middle panel), and 10 nm (bottom panel) vertical nanogap structures.
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electron-beam lithography and the RIE process. To fabricate the MAs, the 
pattern array on the Si master was transferred onto a polyurethane–acrylate 
(PUA) mold film. Three Si wafers with a 10/150 nm thick chromium (Cr)/
Au bottom metal layer were deposited by electron-beam evaporation, and 
SiO2 layers with thicknesses of 10, 15, and 30 nm were deposited on the 
wafer using plasma-enhanced chemical vapor deposition. For the pattern 
transfer using NIL, the LOR1A lift-off resist (MicroChem) and LV400 resist 
(UV curable Si-based resist, Chemoptics) were coated on the prepared Si 
wafer. The pattern array on the PUA mold film was then transferred onto 
the Si wafer using the UV NIL process at a pressure of 3 bar under a UV 
exposure time of 95 s. The residual layer of the LV400 resist was removed 
by RIE using a gas mixture of CF4 and O2 at an radio frequency power of 
100 W, and the MA array patterned LOR1A resist layer with an undercut 
profile was formed by O2 RIE at an RF power of 50 W. A 5 nm thick Cr layer 
and Au layer with different thicknesses (90, 100, and 70 nm thicknesses of 
Au for 10, 15, and 30 nm vertical nanogaps, respectively) were deposited 
on the sample, which was followed by the lift-off to form the cross-
antenna-shaped array on the SiO2 layer. The undercut of the SiO2 layer 
was processed through isotropic dry etching using a gas mixture of 10 
sccm of O2 and 30 sccm of CF4 at 300 W of RF power, and the undercut 
etch depth was controlled using the isotropic dry-etching time.
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